We prepared a SiO 2 /nanocrystalline Si (nc-Si)/SiO 2 sandwich structure. A clear positive shift in C-V and G-V curves due to electrons trapped in nc-Si dots has been observed at room temperature. The peak in conductance around flat band condition indicates that a trap event had occurred where an electron is stored per nc-Si dot. A logarithmic charge loss function is found and this discharging process is independent of the thermal activation mechanism. The longer memory retention time and logarithmic charge loss in the dots are explained by a "built-in" electric field through the tunnel oxide, which varies with time, resulting in a variable tunneling probability. The electric repulsion induced by the built-in electric field hinders the discharging of electrons remained in the dots.
INTRODUCTION
Metal-Oxide-Semiconductor field-effect-transistor (MOSFET) memory structures based on silicon-quantum-dots or nanocrystals have recently attracted great interest both for new physical phenomena and for potential applications in next generation memory devices [1, 2] , in which silicon nanocrystals, embedded in the oxide layer between the control gate and channel, act as floating memory nodes. Many works have been devoted to fabricate ideal memory structures and to obtain reproducible hysteresis in current-voltage (I-V) characteristics [3, 4] . However, the retention mechanism corresponding to interface defects are still unclear. In this kind of devices, the defects associated with nanocrystalline silicon (nc-Si) often results in the long-term memory retention time [5] . In our previous work, Hinds et. al. investigated the retention time distribution in MOSFET memory devices and found the interface states were not the dominant mechanism for electron storage in the investigated device structure [6] . However, the detail retention mechanism (dots charging and discharging processes) should be further understood, which will directly give large influence on fast write/erase and long-term charge retention time in the device. The capacitance-voltage (C-V) and conductance-voltage (G-V) measurements are useful and sensitive tools for investigating interface characters between Si and SiO 2 . Kohno et. al. investigated the transient current of a Si quantum dot floating gate MOS structure with tunnel gate oxide and showed a charging and discharging process in C-V characteristics with short retention time [7] . In our work, we fabricate a SiO 2 /nc-Si/SiO 2 sandwich structure. These structures rather differ from those obtained using Si + implantation or Si-rich film followed by annealing, where a wide distribution in space and size of dots would result in a large lateral current leakage and degrade the device performance [8, 9] . The charging and discharging characteristics of the embedded dots were investigated by C-V and G-V methods and discussed in terms of charge loss in the dots. A hysteresis in the electrical characteristics obtained by C-V and G-V measurements was attributed to an electron trapped per nc-Si dot. A modification of the electric field controlled by the stored charge in the dots is thought to be the cause for the longterm retention time in this device.
EXPERIMENTAL DETAILS
The schematics of the MOS diodes with silicon nanocrystals and its transmission-electronmicrograph (TEM) are shown in Fig. 1 [10] . Then a 60 nm of upper oxide was grown by TEOS PECVD method and the sample was annealed in N 2 ambient at 1100 o C, 1 hour. Aluminum electrodes for the front (100 µm in diameter) and the back sides were evaporated after etching away of the SiO 2 on the wafer backside, which reduced upper oxide thickness to 50 nm. Finally, the sample was annealed again in H 2 /N 2 ambient at 450 o C for 5 minutes, which improved the contact between metal and semiconductor or silicon dioxide and reduce the defect density in the devices. For comparison, samples without nc-Si dots were also fabricated following the above processes.
Scanning-electron-micrograph (SEM) and TEM were utilized to observe microstructures of the samples. The electrical properties of this sandwich structure device were measured by HP4156B precision semiconductor parameter analyser and HP 4284 A precision LCR meter at different temperatures.
RESULTS
According to low-resolution image (Fig. 1b) , a layer of uniform nc-Si dot is found to be apart from silicon surface at a constant distance (tunnel barrier), which differs from the devices where sandwiched dots have a wide space distribution in the gate oxide [8, 9] . The "hill-like" surface contour on the upper SiO 2 corresponds with the nc-Si dot underneath. A high-resolution cross-sectional TEM image of nc-Si dots embedded in a matrix of SiO 2 is shown in Fig . 2 Figure 2 . High-resolution TEM image of the sandwich structure. <111> spherical nc-Si dot is seen clearly.
C-V and G-V curves shown in Fig. 3 were obtained by sweeping the voltage between inversion and accumulation regions at room temperature. A positive shift was observed both in C-V and G-V curves. 4.0x10 -7 6.0x10 -7 8.0x10 -7 1.0x10 -6 1.2x10 -6 1.4x10 -6 1.6x10 -6 1.8x10 -6 2.0x10 -6 Conductance (S) Notable is the presence of one conductance peak, whose position is close to the flat-band voltage, in each forward and backward conductance measurements. Both of the voltage shifts in C-V (in flat band) and G-V (in peak position) are about 0.37 V. In contrast, unlike Fig. 3 , no obvious hysteresis was observed in C-V curve or with the peak in G-V curve after the bias sweeping from negative voltage to positive voltage and back again for the samples without nc-Si dots deposition. Therefore these hysteresis and peak should be attributed to electron traps in the sandwiched nc-Si or at the interface on the nanocrystal dots but not in the oxide matrix. Moreover no distortions of C-V curve due to deep defect traps or large surface defect density, for example flat step, were found in our experiments with the change of temperature. And this hysteresis also cannot result from Fowler-Nordheim tunneling currents through the gate oxide of MOS capacitors, where the flat band shift is attributed to trapping of positive charges within the bulk of the oxide [11] . Further measurements also prove that this clockwise hysteresis is independent of the scan direction and speed (5 ~ 500 mV/s). It is worthwhile to note that no holes were trapped at the inversion state.
For a better understanding of the high frequency C-V results, the frequency dependent capacitance has been investigated at room temperature. In frequency dependent measurements, we found similar clockwise C-V hysteresis and no significant change in peak position in G-V characteristics from 1 MHz to 1 kHz, which indicate that hysteresis and conductance peak has the same origin. It also suggests that the hysteresis and peak are not from interface traps, which are generally time dependent, giving rise to time or frequency dependent C-V or G-V characteristics. That the interface states have little affect is supported by the observations that there is a very small temperature dependence on conductance and an absence of activation energy (~3 meV). These results will be reported elsewhere in detail.
After electrons are trapped, at a reading voltage (e.g. flat band voltage in our experiments), the stored electrons have a possibility to tunnel back to the Si substrate because of perturbation, which could cause a shift in capacitance gradually. In the time dependent capacitance measurement, the memory retention time exceeding 5 hours (about 10 % dots lost their charge) was observed in this memory device at room temperature. Fig. 4 shows a time dependence of capacitance measured at a initial flat band voltage, which presents a logarithmic law. It suggests that the tunneling possibility is varied with time, as a constant probability would give an exponential law [12] . 
DISCUSSION
In our device, the Coulomb blockade effect can be very significant for the dimension of ncSi of 8 nm. The Coulomb charging energy (q 2 /2C self ), where C self is the nc-Si self capacitance embedded in SiO 2 , is about 46 meV, which is not only greater than the thermal energy (26 meV at room temperature), but also limits additional capture of electrons into the nc-Si dot. For our device, the extrinsic Debye length at room temperature is about 74.8 nm. Thus, with even a random distribution of dots in position, the screening efficiency is sufficient to maintain memory state of the device in spite of charge loss from some of the dots.
Based on our experimental results, at sufficient negative bias voltage (erase voltage), no electron resides in the nc-Si dots. When bias is swept to the high positive value, some electrons will direct tunnel through the ultra-thin oxide and will be stored in nc-Si dots, which results in the shift of capacitance as well as conductance characteristics. According to G-V measurements, these trap events begin from flat band condition to accumulation condition. The peak of conductance indicates one electron trap event and the two conductance mesas at each side of conductance peak show a self-limiting trap process due to Coulomb blockade effect.
According to the fixed oxide charges inducing the shift of flat band voltage, the trap and /or nanocrystal density (D trap ) is estimated by formula as following [13] 
where ∆V FB is flat band voltage shift, C ox is the total oxide capacitance and q is elementary charge, t upper is the upper gate oxide, t dot is the nc-Si dot diameter, and t total is the total thickness of sandwich structure, respectively. The estimated trap density is about -2x10 11 /cm 2 , 'minus' sign means the trap site is an electron acceptor, which has the same magnitude as the sheet density of dots in diode. Because in the experiments, only one conductance peak was observed in G-V curve, one electron is trapped in one nanocrystal is a reasonable conclusion within errors. We also can estimate the magnitude of flat band shift with the formula in reference [1] .
where n dot is the density of the nc-Si, ε ox and ε Si are permittivity of oxide and silicon, respectively. From this formula, ∆V FB T is calculated to be 0.38 V for one electron per nanocrytal, which is in good agreement with the experimental ∆V FB .
Shi et. al. suggested that electrons should not reside in the conduction band but in deep traps of dot to explain the observed long-term retention behaviors [5] . According to the model, the retention time should be thermally activated at deep trap energy level. However, in their experiments the charge-loss rate only decreased slightly as temperature was decreased from 300 to 80 K. Our frequency and temperature dependent results also indicate that neither interface defect nor deep defect is dominant for the charging or discharging processes in our samples. According to the results in Fig. 4 , the logarithmic shape involves a variation of the tunneling probability with time. A variation of the tunneling probability should come from a varied tunnel barrier. In our device, with a positive voltage on the gate that led Si surface into the accumulation condition, electrons were injected efficiently by direct tunneling from the conduction band of silicon substrate to the conduction band of nc-Si dot. It is well known that the tunneling transparency depends on the electric field in the tunnel oxide [14] . When the bias is held at the initial flat-band voltage after dots charged, the electric field across the tunneling oxide layer can be ignored since the gate bias was fully screened by the charge in sandwich layers. After these dots were charged, then at the initial flat band voltage, some of the stored electrons will tunnel back to the substrate since an ultra-thin tunnel barrier and perturbation. Once some of these electrons tunnel back to substrate, the Si surface band would be bent down a little, because of the charge loss in the dot layer. An electric field from nc-Si dot layer to Si substrate would be formed (10 4 -10 5 V/cm around nc-Si dot estimated on one electron release from this dot), which would hinder discharging of other stored electrons. This "built-in" electric field could be changed with the stored charge in nc-Si dots. Thus the tunneling probability would also be changed with charge loss and with time. Therefore, this "built-in" field, created and controlled by charge loss in nc-Si dots, will improve the retention time significantly.
CONCLUSION
We prepared a SiO 2 /nc-Si/SiO 2 sandwich structure memory device. Sensitive electrical measurements of C-V and G-V were utilized to investigate charge and discharge in nc-Si dots. A clear positive shift in C-V and G-V curves due to electrons trapped in nc-Si dots has been found. Moreover, one peak around flat band condition indicates a trap event of one electron stored per nc-Si. Experiments show that neither interface defect nor deep defect is dominant for dot's charging and discharging processes. Retention time exceeding 5 hours and a logarithmic charge loss function were shown. A repulsive "built-in" electric field from nc-Si dots to Si substrate created and controlled by charge loss in nc-Si dots is taken into account to explain logarithmic charge loss and long-term retention time.
